Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is the second-leading cause of cancer-related death worldwide,[@bib1] which accounts for roughly 90% of all primary liver neoplasms.[@bib2] It is the third and the fifth leading most common cancer in men and women, respectively,[@bib3] with more than 700,000 new cases of HCC being diagnosed and over 600,000 deaths yearly worldwide.[@bib4] Hepatitis B Virus (HBV) infection, Hepatitis C Virus (HCV) infection and other inflammatory liver diseases such as steatohepatitis are the most important risk factors for HCC.[@bib5] Despite the improvements have been made in HCC diagnosis and treatment, HCC still has a poor prognosis which closely related to the aggressive and highly proliferative capacity of HCC cells. Moreover, the dysregulation of cellular proliferation and apoptosis are the most frequently biological heterogeneous in HCC.[@bib6] Therefore, a better understanding of how HCC cells evade death stimuli and maintain growth is the imperative requirement for the development of new therapeutic targets for HCC therapy.

The metabolic differences are very common between normal cells and tumor cells which provide opportunities for developing novel approaches for the diagnosis and treatment of cancer.[@bib7], [@bib8], [@bib9] Urea circulation is an important metabolic pathway that coordinates function of six enzymes and two mitochondrial transporters to convert toxic ammonia into urea.[@bib10] Argininosuccinate lyase (ASL) is one of the six enzymes in the urea cycle, which catalyzes the reversible hydrolytic cleavage of argininosuccinate into arginine and fumarate.[@bib11] Arginine is a semi-essential amino acid and essential for rapidly proliferating cells.[@bib12], [@bib13] However, owing to lack of argininosuccinate synthetase (ASS), a key enzyme which converts citrulline to arginine, some tumors can\'t synthesize arginine from urea cycle including melanoma, hepatocellular carcinoma, some mesotheliomas and some renal cell cancers.[@bib12], [@bib14] Additionally, ASL is likely to play a key role in maintaining arginine homeostasis at the tissue level in arginine-deficient states.[@bib15] Therefore, ASL is closely related to the development of many tumors. It has been reported that the expression of ASL in colon cancer tissues was enhanced, which was highly associated with poorer survival rates, and the loss of ASL inhibited the proliferation of colon cancer cells.[@bib16] Moreover, ASL was significantly upregulated in breast cancer tissues and downregulation of ASL inhibited the growth of breast cancer in vitro and in vivo.[@bib17] In addition, epigenetic status of ASS and ASL was changed in arginine deprivation, and the epigenetic modification regulated autophagy and cell death in glioblastoma.[@bib18] Interestingly, a study showed that arginase, an arginine-depleting enzyme, could inhibit proliferation of HCC by inducing cell cycle arrest,[@bib19] suggesting arginine may play an important role in HCC progression. However, the functions and mechanisms of ASL in the development of HCC have not been clearly elucidated.

In this study, we found that ASL expression is elevated in a subset of HCC tissues and cell lines. Furthermore, we discovered depletion of ASL inhibited cell growth and induced apoptosis in HCC cells by regulating Bax signaling pathway. This work demonstrates ASL is a novel therapeutic target for HCC.

Materials and methods {#sec2}
=====================

Plasmids and antibodies {#sec2.1}
-----------------------

The lentivirus expressing shASL was obtained from Genechem (China). Anti-ASL (AV41666) was purchased from Sigma--Aldrich (USA). Anti-PARP (\#9542), anti-Bax (\#5023S), anti-caspase 3 (\#9665), anti-caspase 9 (\#9502), anti-Bcl-2 (\#2872), anti-Smac (\#2954S) and anti-Cytochrome C (\#4280S) were obtained from Cell Signaling Technology (USA). Anti-GAPDH (sc-365062) and Anti-β-actin (sc-47778) were purchased from Santa Cruz Biotechnology (USA).

Cell culture {#sec2.2}
------------

PLC/PRF/5, Hep3B, SK-Hep-1 and HepG2 cells were obtained from the American Type Culture Collection. Huh-7 cell line was acquired from the Health Science Research Resource Bank. MIHA cell line was obtained from Professor Ben C.B. Ko (The Hong Kong Polytechnic University). Primary human hepatocyte (PHH) was purchased from Sciencell Research Laboratories. PLC/PRF/5, Hep3B, SK-Hep-1, HepG2 and MIHA cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% fetal bovine serum (FBS). PHH were cultured in hepatocyte medium (HM). All cells were cultured in a humidified incubator at 37 °C with 5% CO~2~.

HCC specimens {#sec2.3}
-------------

All HCC tissues and the adjacent non-tumorous liver tissues were collected from the First Affiliated Hospital of Chongqing Medical University. Collection of patient samples with informed consent to an established protocol and all study procedures were approved by the Research Ethics Committee of Chongqing Medical University. Total proteins and RNA were extracted from these specimens.

Cell proliferation assay {#sec2.4}
------------------------

The equal number of PLC/PRF/5 and Hep3B cells were seeded into 24-well plates and infected with lentivirus expressing ASL-targeting shRNA (shASL) or control shRNA (shCont). At indicated time, the number of cells was counted using a trypan blue exclusion assay (Thermo Fisher Scientific, USA).

Colony formation assay {#sec2.5}
----------------------

PLC/PRF/5 and Hep3B cells were infected with lentivirus expressing shASL or shCont and cultured for 72 h. The cells were re-plated in 6-well plates at the density of 1000 per well and maintained in medium containing 0.25 μg/mL puromycin for two weeks. The colonies were fixed with methanol and stained with 0.5% crystal violet for 15 min. The numbers of colonies were counted.

Soft agar assay {#sec2.6}
---------------

The PLC/PRF/5 and Hep3B cells infected indicated lentivirus were re-plated in 6-well plates at the density of 1000 per well. The cells were cultured in a bottom layer of 1 mL of 0.6% agar in DMEM supplemented with 10% FBS with a top layer of 1 mL of 0.35% agar in DMEM with 10% FBS. Then cells were incubated for 3 weeks in a 5% CO~2~ incubator at 37 °C. Colonies were stained with 0.005% crystal violet, and the number of clones was counted.

Western blotting assay {#sec2.7}
----------------------

The cells were lysed with RIPA lysis buffer containing an inhibitor cocktail (Roche Diagnostics). The protein concentration was measured by BCA method. Then 30 μg protein sample solution was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the separated proteins were transferred to a polyvinylidene difluoride membrane. After blocking with 5% nonfat milk, the membrane was immunoblotted with relevant primary antibodies overnight at 4 °C. The immunoblotted membrane was then incubated with horseradish peroxidase-conjugated secondary antibody. The bands were visualized using an ECL Western blotting reagents (Millipore). The densities of protein bands were quantified by ImageJ Java 1.8.0_112 software.

Quantitative reverse transcription PCR (qRT-PCR) {#sec2.8}
------------------------------------------------

Total RNA was extracted from tissues and cells with TRIzol Reagent (Life Technologies, USA). cDNA was synthesized from 1 μg of total extracted RNA using an iScript cDNA Synthesis kit (Bio-Rad). Relative quantification of gene expression was performed by using SYBR green (Roche, Germany) with β-actin mRNA as an internal control. Specific primers used for qRT-PCR assays were designed by our group and are listed in [Supplementary Table S1](#appsec1){ref-type="sec"}.

Apoptosis analysis {#sec2.9}
------------------

Apoptosis analysis was carried out by using cell apoptosis kit (Invitrogen) as described in the manufacturer\'s protocol. Briefly, 2 × 10^5^ cells were resuspended in 200 μl binding buffer, followed by incubation with 6 μl Annexin V diluted 20 times and 4 μl PI for 15 min. The stained cells were analyzed by flow cytometry.

Statistical analysis {#sec2.10}
--------------------

Data were represented as means ± SEM of three independent experiments. Significant differences between two groups were determined by the t test. Significant differences among multiple groups were determined by the one way ANOVA. A value of *P* \< 0.05 was considered statistically significant. All the statistical analyses were performed by GraphPad Prism 5.

Results {#sec3}
=======

ASL was frequently upregulated in HCC {#sec3.1}
-------------------------------------

First, to study whether ASL involved in the development of HCC, we analyzed ASL expression in human liver cancer cell lines (Huh-7, HepG2, Hep3B, PLC/PRF/5, and SK-Hep-1), immortalized normal hepatic liver cells (MIHA) and primary hepatocyte (PHH) by using western blot and qRT-PCR. The results showed that among all cell lines, the protein and mRNA expression of ASL in liver cancer cell lines were both at a high level compared with the other cell lines ([Fig. 1](#fig1){ref-type="fig"}A,B). Next, we further confirmed ASL expression in 24 pairs of HCC tissues and adjacent non-tumoral liver tissues by western blot. Compared with their adjacent non-tumoral liver tissues, the ASL expression in 67% HCC tissues was up-regulated ([Fig. 1](#fig1){ref-type="fig"}C). Moreover, the average protein level of ASL in HCC tissues was significantly higher than that in adjacent non-tumoral tissues ([Fig. 1](#fig1){ref-type="fig"}D). Additionally, ASL mRNA levels in these samples were also detected by qRT-PCR. Consistently, ASL mRNA levels were significantly up-regulated in HCC tissues compared with adjacent nontumoral liver tissues ([Fig. 1](#fig1){ref-type="fig"}E). These results suggest that ASL might play a role in HCC tumorigenesis.Figure 1**ASL expression in HCC**. (A and B) ASL protein and mRNA expression in five liver cancer cell lines, the immortalized liver cell line (MIHA), and PHH were measured by western blot and qRT-PCR, respectively. β-actin was used as a loading control for Western blot and as a reference gene for qRT-PCR. (C) Western blot analysis of ASL protein levels in 24 paired frozen HCC tissues (T) and adjacent nontumoral liver tissues (N). GAPDH was used as a loading control. (D) Quantitative analysis of ASL protein levels in 24 paired HCC tissues. \*\**P* \< 0.01. (E) qRT-PCR analysis of ASL mRNA levels in 24 paired HCC tissues and adjacent nontumoral tissues. GAPDH was used as a reference gene. \*\**P* \< 0.01.Figure 1

ASL knockdown inhibited HCC cell proliferation {#sec3.2}
----------------------------------------------

To elucidate the biological function of ASL in HCC development, The HCC cells PLC/PRF/5 and Hep3B were infected with lentivirus expressing ASL-targeting shRNA (shASL) or control shRNA (shCont). ASL was markedly silenced in both cell lines ([Fig. 2](#fig2){ref-type="fig"}A). Knock down of ASL significantly decreased the growth of PLC/PRF/5 and Hep3B cells over the course of 6 days ([Fig. 2](#fig2){ref-type="fig"}B,C). Moreover, the ASL knockdown could reduce anchorage-dependent growth of PLC/PRF/5 and Hep3B cell as determined by soft agar assays ([Fig. 2](#fig2){ref-type="fig"}D). Furthermore, the colony-formation assay showed that ASL silencing also decreased the number of PLC/PRF/5 and Hep3B cell colonies ([Fig. 2](#fig2){ref-type="fig"}E). These observations suggest that ASL exert a significant role in HCC cell growth.Figure 2**ASL knockdown inhibited HCC cell proliferation**. (A) PLC/PRF/5 and Hep3B cells were infected with lentivirus expressing ASL-targeting shRNA (shASL) or control shRNA (shCont) for 3 days. ASL protein level was detected by western blot. β-actin was used as a loading control. (B and C) ASL knockdown significantly inhibited the proliferation of PLC/PRF/5 and Hep3B cells at indicated time points. Cell numbers were counted using a trypan blue exclusion assay. \*\**P* \< 0.01. (D) Soft agar assay. PLC/PRF/5 and Hep3B cells were infected with lentiviruses as indicated and were grown for 3 weeks under antibiotic selection. The quantification of colonies was performed by counting visible colonies in each well and expressing then as a percentage relative to control cells. Columns show the mean values of triplicate experiments. \*\**P* \< 0.01. (E) Colony-formation assay. PLC/PRF/5 and Hep3B cells infected with lentiviruses as indicated were cultured for 2 weeks and stained with crystal violet. All histograms show mean values from three independent experiments. \*\**P* \< 0.01.Figure 2

ASL knockdown induced apoptosis in HCC cells {#sec3.3}
--------------------------------------------

We next investigated the apoptosis-inducing ability of ASL depletion in HCC cells. It was indicated that the loss of ASL in PLC/PRF/5 and Hep3B cell significantly increased the percentage of total apoptotic cells as determined by flow cytometry using Annexin V/PI double staining ([Fig. 3](#fig3){ref-type="fig"}A). Additionally, the effect of ASL silencing on PARP cleavage and caspase 3 cleavage were analyzed by western blot. As shown in [Fig. 3](#fig3){ref-type="fig"}B, knock down of ASL significantly induced a specific cleavage of PARP and caspase 3 ([Fig. 3](#fig3){ref-type="fig"}B). These data confirm that ASL silencing could induce apoptosis in HCC cells.Figure 3**ASL knockdown induced apoptosis in HCC cells**. (A) ASL depletion induced apoptosis in PLC/PRF/5 and Hep3B cells was analyzed by flow cytometry with Annexin V/PI. Columns show the mean values of triplicate experiments. \*\**P* \< 0.01. (B) Apoptosis in PLC/PRF/5 and Hep3B cells infected with shASL or shCont was analyzed by PARP cleavage and caspase 3 cleavage analysis. β-actin was used as a loading control.Figure 3

ASL regulated Bax signaling in HCC cells {#sec3.4}
----------------------------------------

To investigate the underlying mechanisms of apoptosis induced by ASL in HCC cells, we determined the effect of ASL silencing on apoptosis signal transduction by qRT-PCR. Interestingly, the results showed the mRNA levels of Bax, Smac, Cytochrome C were increased and the mRNA level of Bcl-2 was decreased in ASL silenced cells ([Fig. 4](#fig4){ref-type="fig"}A). Moreover, western blot also validate the loss of ASL could increase the protein levels of Bax, Smac, Cytochrome C and reduce the protein level of Bcl-2 as well as enhance the cleavage of caspase 9 ([Fig. 4](#fig4){ref-type="fig"}B). These findings suggest the pro-apoptotic activity of ASL silencing was associated with Bax signaling.Figure 4**ASL regulated Bax signaling in HCC cells**. (A) PLC/PRF/5 cells were infected with lentiviruses as indicated for 3 days. mRNA microarray analysis indicated alternations in several key regulators in the Bax-mediated apoptotic pathway. β-actin mRNA expression was used as an internal control. \**P* \< 0.05. \*\**P* \< 0.01. (B) Western blot analysis of several components of the Bax-mediated apoptotic pathway in PLC/PRF/5 and Hep3B cells transduced with shASL or shCont. β-actin was used as a loading control. (C) PLC/PRF/5 cells were transfected with indicated siRNA for 3 days. The ASL and Bax protein levels were determined by western blot. β-actin was used as a loading control. (D) Gene silencing of Bax rescued the growth inhibition induced by ASL knockdown in PLC/PRF/5 cells. Cell numbers were counted using a trypan blue exclusion assay at indicated time points. \**P* \< 0.05. \*\**P* \< 0.01. (E) Bax knockdown abolished the induction of apoptosis in ASL-silenced PLC/PRF/5 cells. Apoptosis rate was analyzed by flow cytometry with Annexin V/PI. Columns show the mean values of triplicate experiments. \*\**P* \< 0.01.Figure 4

For further test the possibility, we silenced the Bax expression in PLC/PRF/5 cells that were overexpressed ASL ([Fig. 4](#fig4){ref-type="fig"}C). The growth -- inhibition of HCC cells induced by ASL overexpression was substantially restored by knock down of Bax protein ([Fig. 4](#fig4){ref-type="fig"}D). Importantly, the results of flow cytometry indicated that Bax silencing markedly deceased apoptosis that was induced by ASL overexpression ([Fig. 4](#fig4){ref-type="fig"}E). These data further confirm that ASL regulates HCC cell proliferation and apoptosis by Bax signaling.

Discussion {#sec4}
==========

Due to the important role of arginine in maintaining cancer homeostasis, ASL which is a crucial enzyme of arginine biosynthesis involves in multiple cancer progression. In breast cancer, downregulation of ASL induced autophagy and inhibited the growth of breast cancer accompany with a delay in G2/M transition.[@bib17] Furthermore, in ASL depleted colon cancer cells, cyclin A2 degradation was induced which resulted in a G2/M arrest and the inhibition of cell proliferation, and autophagosomes were also increased.[@bib16] In addition, the role of ASL in HCC cells growth was also initially confirmed. The study suggested ASL could interact with cyclin A2 and maintain cyclin A2 protein expression as well as the process of cell cycle, which subsequently promoted HCC formation.[@bib20], [@bib21] However, the relationship between ASL and apoptosis in HCC cells is unclear. In the present study, we demonstrated the mRNA and protein levels of ASL in the majority of HCC tissues were significantly elevated compared with adjacent nontumoral liver tissues, and the ASL mRNA and protein levels of HCC cell lines were also higher than that of immortalized normal hepatic liver cells and primary hepatocyte. ASL knockdown suppressed cell proliferation and anchorage-dependent growth of HCC cells. Moreover, the apoptosis was also induced by the silence of ASL. These data support the notion that ASL is a putative tumor promoter during HCC carcinogenesis.

To investigate the molecule mechanism of the apoptosis induced by ASL depletion, the change of apoptosis signal transduction was detected in ASL silenced cells. The results confirmed that the loss of ASL contributes to the apoptosis process in hepatoma cells partially via Bax regulation. Consistently, a study showed that arginine depletion could induce Bax conformation changes and mitochondrial inner membrane depolarization in ASS (−) cells which leads to apoptosis.[@bib22] Bax signaling pathway is a central cell death regulator and an indispensable gateway to mitochondrial dysfunction in cancer cells.[@bib23], [@bib24] In response to death stimuli, Bax is activated and translocated to mitochondria,[@bib25] where it facilitates mitochondrial membrane permeabilization. Subsequently, the release of cytochrome c and Smac/DIABLO from the intermembrane space into cytosol is increased.[@bib26], [@bib27], [@bib28] The released cytochrome c binds apoptotic protease activating factor 1 (Apaf-1), procaspase-9 and dATP forms a complex "apoptosome", which activates caspase 9 followed by downstream activation of other executioner caspases and ultimately results in cell death.[@bib28] Therefore, we further revealed ASL silencing induced the increase of cytochrome c and Smac as well as the activation of caspase 9, which are downstream effectors of Bax activation. Importantly, silencing Bax in ASL depletion HCC cells partially abolished the pro-apoptotic effect of ASL knockdown. These findings suggest the activation of Bax signaling pathway may be the molecular mechanism of the apoptosis increase induced by ASL silencing in HCC cells.

In summary, this study demonstrated that ASL acts as a carcinogene in the progression of HCC by regulating Bax signaling pathway. Therefore we propose that ASL may be a potential therapeutic target for HCC treatment.
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